Abstract Glucosinolates are amino acid-derived secondary metabolites that act as chemical defense agents against pests. However, the presence of high levels of glucosinolates severely diminishes the nutritional value of seed meals made from rapeseed (Brassica napus L.). To identify the loci affecting seed glucosinolate content (SGC), we conducted genomewide resequencing in a population of 307 diverse B. napus accessions from the three B.
INTRODUCTION
Rapeseed (Brassica napus L.; AACC, 2n=38) is a recently formed allopolyploid derived from natural interspecies hybridization between B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18) (U 1935; Chalhoub et al. 2014) . Despite its short period of domestication and breeding, rapeseed cultivars have formed three groups with different growth habits; these groups are named the winter, spring, and semi-winter types (Becker et al. 1995) . Winter-type cultivars are sown in the fall and require vernalization, by exposure to low temperatures, to produce flowers.
Spring-type cultivars are sown in the spring and flower earlier than winter types, and semiwinter cultivars require moderate to strong vernalization Zhang et al. 2016 ).
Glucosinolates are a group of amino acid-derived secondary metabolites present throughout the Brassicaceae family and act as chemical defenses against pests (Halkier and Gershenzon 2006) . Seed meal produced from rapeseed provides a valuable source of protein for livestock feed, but high quantities of seed glucosinolates, and their degradation products, contribute to off flavors and can cause abnormalities in livestock. Therefore, high seed glucosinolate content (SGC) limits the use of rapeseed meal as a supplementary livestock feed (Mithen 2001) . Substantial efforts, including plant breeding approaches, have focused on reducing SGCs. For example, introduction of alleles from the Polish cultivar "Bronowski", which produces decreased levels of glucosinolates (Kondra and Stefansson 1970) , reduced the SGC in rapeseed from greater than 100 to less than 30 μmol·g -1 .
The core pathway of glucosinolate biosynthesis is well known from studies of the model plant Arabidopsis thaliana, including the genes involved in amino acid chain elongation, core structure, and side-chain formation, along with the structural genes responsible for most biosynthetic steps (Wittstock and Halkier 2000; Bak and Feyereisen 2001; Mikkelsen et al. 2004 ; Grubb and Abel 2006; Halkier and Gershenzon 2006) .
The recent availability of reference genome sequences from Brassica crops Liu et al. 2014; Wang et al. 2011b ) has further allowed the identification of many genes encoding enzymes involved in glucosinolate biosynthesis and breakdown. These include 71 genes in A. thaliana (www.arabidopsis.org), 123 genes in B. rapa (Wang et al. 2011a ), 127 genes in B. oleracea , and 181 genes in B. napus ). For example, the 2R-MYB transcription factor gene family plays an important role in glucosinolate biosynthesis; MYB28, MYB29, and MYB76 control aliphatic glucosinolate biosynthesis, while MYB34, MYB51 and MYB122 control indole glucosinolate biosynthesis, with MYB28 and MYB34 act as the major genes responsible (Halkier and Gershenzon 2006) .
Despite this progress, identification of key alleles that modulate SGC in the B. napus germplasm and markers useful for marker-assisted selection, remains an important goal for future work.
Previous studies have shown that the major genetic loci that affect SGC are located on chromosomes A09, C02, C07 and C09 of B. napus (Howell et al. 2003; Zhao and Meng 2003; Harper et al. 2012; Lu et al. 2014; Qu et al. 2015) ; however, ecotype-specific loci that affect SGC have not been reported. With the rapid development and decreasing cost of next-generation sequencing, genome-wide association studies (GWAS) have become a promising approach for the genetic dissection of complex traits. High-throughput genotyping and GWAS based on the Brassica 60K single-nucleotide polymorphism (SNP) array Qu et al. 2015) , as well as associative transcriptomics based on mRNA-seq (Harper et al. 2012; Lu et al. 2014) can be used to examine complex traits, such as SGC.
In this study, to identify common and ecotype-specific candidate genes affecting SGC, we conducted GWAS on a natural population of rapeseed composed of 307 accessions from the three ecotype groups, which were grown in China and Germany over a two-year period. We performed RNA-seq for the accessions with the extreme SGC value, and identified 8 candidate genes using haplotype and gene expression analyses. This study highlights crucial glucosinolate genes and will contribute to the breeding of low SGC rapeseed varieties.
RESULTS

Phenotypic variation for seed glucosinolate content
For this study, we analyzed 307 accessions of B. napus in three ecotype groups: 104 winter accessions (W), 102 spring accessions (S), and 101 semi-winter accessions (SW). To examine the phenotypic variation in SGC, we grew these B. napus accessions in two different locations (China and Germany) over two different years (2013 and 2014) . High positive correlations were detected between 2013 and 2014 (r = 0.92 -0.96, P < 0.01) and no significant difference was detected for SGC among replicates in each location.
Extensive variation in SGC was detected among accessions in Germany (ranging from 8.0 to 82.3 μmol·g−1 meal) and China (ranging from 26.7 to 146.6 μmol·g−1 meal), with significant differences among ecotypes in both locations (P < 0.001). The mean SGC values of the W group and S group in Germany (30.8 and 40.0 μmol·g−1 meal, respectively) were significantly lower than those in China (81.9 and 84.7 μmol·g−1 meal, respectively). Nevertheless, significant correlations were detected between these two locations (r = 0.92 -0.95, P < 0.01) and high broad-sense heritability was detected within each ecotype group in both locations (H 2 = 0.94 -0.98) (Tables 1, S1).
Genetic structure of the B. napus germplasm
We next examined the genetic structure of the accessions, using genome-wide re-sequencing. This identified 5,791,961 single-nucleotide polymorphisms (SNPs) and 1,509,826 insertions or deletions (indels) in the 307 accessions. After removing SNPs with missing data rates ≥ 0.25 and minor allele frequencies < 0.05, a subset of 539,907 SNPs was used for the subsequent analysis. Based on the data for these SNPs, we then performed principal component analysis (PCA) to quantify the population structure of the three ecotype groups ( Figure S1 ). The score plot of principal components showed a continuous distribution without any distinct clusters.
The decay of linkage disequilibrium (LD) among the three ecotype groups was next determined. Here, in the S group, LD decayed over a shorter distance than in other ecotype groups in the A subgenome, especially in chromosomes A01 and A06. In the W group, LD decayed over the longest distance in the C subgenome, especially in C02. The SW group showed the longest LD decay distance, particularly on A03, A04, A05, A07, C01, C02, C04 and C09 (Figure S2A , B; Table 2 ). Using a sliding window approach, we further calculated the distribution of the nucleotide diversity (π), the selection statistic index (Tajima's D) and the population differentiation index (Fst). π and Tajima's D were the highest in the S group, and the C subgenome of SW group accessions had the lowest π (8.64E-05) and Tajima's D (-0.18) values. Moreover, the mean Fst values were higher when the S group was compared to either the W or the SW group (Table 2) .
Candidate haplotype blocks for seed glucosinolate contents GWAS was performed to identify candidate genetic loci causing environment-and ecotypespecific effects on SGC. No environment-sensitive SNP was detected in the plants grown in Germany or China, but 150 SNP loci exceeding the significance threshold (−log 10 (p-value) ≥ 4.2)
were shown to be highly associated with SGC in the three ecotype groups. Of these, 130 SNPs were only detected in one of the ecotype groups (regarded as ecotype-specific loci), and 20
SNPs were detected in more than one ecotype group (Table S2) . These 150 SNPs were further grouped into 8 haplotype blocks (HBs), based on SNP pairwise LD, including four common and four ecotype-specific HBs ( Figure 1 ; Table 3 ).
Two common HBs, HB 6 (C09: 2,903,990…3,059,755 bp) and HB 8 (C09:
3,099,332…3,202,254 bp), each containing 17 predicted B. napus genes, were detected in the S, W, and SW ecotype groups (Table 3) . Analysis of RNA-seq data from 36 accessions of the population showed the expression of 14 and 11 genes in the two HBs, respectively. Moreover, the transcript levels of two genes (BnaC09g05300D and BnaC09g05290D) in HB 8 showed significant correlations with SGC in the 36 accessions (r = 0.73 and 0.68, respectively, P < 0.001) ( Table 3 ).
These two genes are homologues of Arabidopsis HAG1 (AT5G61420), which encodes a transcription factor known to be involved in glucosinolate biosynthesis (Gigolashvili et al. 2007 ).
Only BnaC09g05300D Table   3 ).
HB 4 (A09: 2,500,906…2,850,050 bp) was identified in both W and SW groups (Table 3) and harbors 77 predicted genes in the B. napus reference genome. Of these, the RNA-seq detected the expression of 64 genes, but the expression level of only five genes exhibited significant negative correlations with SGC value (r = -0.74 to -0.61, P < 0.01). Large variations (SNPs and indels) were detected for the five genes among the W and SW accessions, and two genes, BnaA09g05160D (a homeodomain-like superfamily protein) and BnaA09g05220D
(a predicted calcium-dependent protein kinase) exhibited regular allele changes among accessions with low and high SGC. Here, accessions carrying Hap.4 in both genes showed high SGC (averaged in 103.6 and 97.3 μmol·g −1 meal) and accessions carrying Hap.1 showed the lowest SGC ( Figure 2 ; Table 3 ). The haplotype of BnaA09g05160D explained the highest phenotypic variation (42.8%) in the present study.
HB 5 (C02: 44,598,027…45,052,199) was detected from the S and W groups and contains 63 genes. Among 43 genes with expression data, one and four genes were positively (r = 0.62, P < 0.001) and negatively (r = -0.75 to -0.62, P < 0.001) correlated with SGC, respectively. Of these, two genes, BnaC02g42330D (unknown function) and BnaC02g42360D (encoding a RING/U-box superfamily protein) had high R 2 values (>32%). Nevertheless, irregular allele changes were detected in both genes among S and W accessions with low and high SGC ( Figure 2 ; Table 3 ).
Ecotype-specific haplotype blocks
Ecotype-specific HBs were detected in the SW group (HB 1, 2, and 3) and S group (HB 7)
( with SGC (r = 0.58, P < 0.10), with no SNPs detected in this gene among accessions.
HB 7 (C09: 169,371…218,230) only detected in the S group (Table 3) harbors 13 genes.
Of these, eight genes were expressed and exhibited significant negative correlations with SGC Table 3 ). Among the three genes, BnaC09g00400D explained the highest portion of the phenotypic variation (34.5%).
Expression patterns of candidate genes
Since SGC is a multi-genic trait, we compared the expression patterns of the eight candidate genes between low-SGC (<40 μmol·g −1 meal) and high-SGC (>100 μmol·g −1 meal) accessions.
The transcript levels of seven candidate genes (except for BnaC09g05300D) were negatively correlated with SGC, the remaining gene, BnaC09g05300D, was positively correlated with SGC ( Figure 3 ). Transcript levels of the seven genes were significantly lower in accessions with altered alleles in the promoter regions (differs from reference sequence) than in accessions that had the same allele as the reference sequence (Figure 4 ). In total, 4 -8 genes contributed to the low SGC in low-SGC accessions, but 0 -4 genes contributed to reducing SGC in high-SGC accessions (Figure 3 ).
DISCUSSION
Genetic diversity in three ecotype groups
With the completion of reference genome sequences, the advent of next-generation sequencing has facilitated the analysis of genetic structure and the use of natural variation in crop breeding (Huang and Han 2014; Huang et al. 2016) . In this study, genome-wide resequencing was used for population genetic analysis in three ecotype groups of rapeseed.
The C subgenomes of accessions in the SW group showed the longest LD decay distance, the lowest π, and significant negative Tajima's D value, similar to what has been previously reported by other groups (Delourme et al. 2013; Wang et al. 2014 ). These findings suggest that the C subgenomes of the SW accessions have been under extensive selection to meet the requirements of cultivation by humans, despite the fact that B. napus has only had a brief evolutionary history. Population differentiation is higher in S-W and S-SW comparisons than in W-SW combinations, indicating that growth habit is the major determinant explaining genetic structure among the three ecotype groups.
Identification of candidate genes for seed glucosinolate content
GWAS and transcriptome analysis were used to explore environment-and ecotype-specific SNPs and candidate genes related to SGC. However, the GWAS failed to identify any environment-specific locus, although obvious differences in SGC were observed between accessions grown in Germany and China. This may be due to the high broad-sense heritability and high positive correlations between the two locations. Nevertheless, the GWAS detected eight HBs that were highly associated with SGC, including three that overlapped with reported major SGC quantitative trait loci (QTL) on A09, C02 and C09 (Howell et al. 2003; Zhao and Meng 2003; Harper et al. 2012; .
To identify candidate genes affecting SGC, we first screened the genes in candidate HBs for correlation of their expression (from RNA-seq) with SGC, and then analyzed the effects of sequence variants in each gene, including the promoter region on SGC. By this strategy, we identified five candidate genes from four common HBs (HB 4, 5, 6, and 8) and three genes from the S group-specific HB. Although we did not identify candidate genes in the SW groupspecific blocks (HB1, 2, and 3), possibly owing to the limited phenotypic variance among the SW accessions, we did identify a known glucosinolate breakdown gene BnaA01g28080D, which encodes an ortholog of myrosinase-binding protein-like protein-470 (ATMLP-470), in HB 1. Further study is needed to identify the candidate genes in these SW group-specific HBs.
MYB family members (MYB28 and MYB34) affecting seed glucosinolate content
HB 8 was identified on chromosome C09 in all three ecotypes, and harbors two MYB28 genes (BnaC09g05290D and BnaC09g05300D). The transcript levels of these two MYB28 genes showed significant correlation with SGC in S, W, and SW accessions. Previous studies showed that HIGH ALIPHATIC GLUCOSINOLATE 1 (HAG1, an A. thaliana ortholog of MYB 28) controls aliphatic glucosinolate biosynthesis in Arabidopsis, and MYB28 genes (HAG1 orthologs) were candidates for major QTL on A09, C02 and C09 in B. napus (Howell et al. 2003; Zhao and Meng 2003; Harper et al. 2012; ). However, we detected MYB28s only from C09 and further determined that sequence alterations in only one copy (BnaC09g05300D) were associated with medium or high SGC in S, W and SW accessions.
This finding is consistent with a previous report in which a deletion was observed for copies of
MYB28s from A09 and C02 in low-glucosinolate B. napus lines (Harper et al. 2012 ). In the transcriptome data, increased MYB28 transcript levels (of BnaC09g05300D) were associated with enhanced biosynthesis of glucosinolate in seeds.
Another MYB family member, MYB34, was shown to regulate indolic glucosinolate homeostasis in A. thaliana (Frerigmann and Gigolashvili 2014) . In this study, orthologs of MYB34 were detected in HB 4 (BnaA09g05480D, A09), HB 5 (BnaC02g41860D, C02), and HB 6 (BnaC09g05060D, C09) ( Figure 1J) ; however, our RNA-seq did not detect expression of these genes. Instead, the four candidate genes in HB 4 and HB 5 were determined to encode CDPK9, a homeodomain-like superfamily protein, a RING/U-box superfamily protein, and an unknown protein. Whether these genes are associated with SGC requires further confirmation.
Spring group-specific loci and candidate genes
One spring group-specific haplotype block, HB 7 (on A09), harbored eight genes with significant negative correlations with SGC. Deletions were detected in the eight genes in medium-and high-glucosinolate S accessions. The donor of the low-glucosinolate trait of rapeseed is a spring-type Polish cultivar "Bronowski" ; this may suggest that low-glucosinolate alleles have not been effectively introduced into winter and semi-winter rapeseed, or these loci have less of an effect in the winter and semi-winter genetic backgrounds.
Candidate gene BnaC09g00410D is homologous to AOP3, a key gene in increasing leaf glucosinolate accumulation in Arabidopsis (Jensen et al. 2015) . However, we detected a negative regulatory effect of BnaC09g00410D on seed glucosinolate accumulation in B. napus.
Whether expression of these AOP3 homologs results in different proteins or the homologous proteins play different regulatory roles in leaf and seed glucosinolate accumulation remains to be further studied.
A correlation between gene expression and SGC
Genomic variation in the promoters of these SCG-associated genes caused variation in transcript levels, and the transcript levels of these genes were significantly associated with SGC. For example, expression of the candidate gene BnaC09g05300D positively correlated with SGC. A previous study showed that BnaC09g05300D is preferentially expressed in seeds of rapeseed and controls the biosynthesis of glucosinolates (Harper et al. 2012) . This is consistent with our observation that low expression of BnaC09g05300D associated with reduced SGC in B. napus. By contrast, expression of the other seven candidate genes negatively correlated with SGC, so we speculate that these genes may participate in the breakdown of glucosinolate or negatively regulate of the biosynthesis of glucosinolates in B.
napus.
In summary, we identified common and ecotype-specific genetic loci and candidate genes for SGC in rapeseed by genome resequencing and transcriptome sequencing. Although further studies are needed to confirm these candidate genes, the present data demonstrate that additive effects of the candidate genes play important roles in the SGC of B. napus.
MATERIALS AND METHODS
Plant materials and phenotypic evaluation
The population of 307 accessions of Brassica napus comprised 104 winter accessions and 102 spring accessions (randomly selected from the ERANET-ASSYST B. napus diversity set) (Bus et al. 2011) , and 101 Chinese semi-winter accessions (Qian et al. 2014 ) ( Table S3) 
DNA sample preparation and genotyping
Young leaves were collected eight weeks after planting and quickly frozen in liquid nitrogen.
Total DNA was extracted from leaves of each variety using a CTAB protocol (Murray and Thompson 1980) . At least 6 µg of genomic DNA from each accession was used to construct a sequencing library following the manufacturer's instructions (Illumina Inc.). The DNA library was sequenced using Illumina HiSeq 4000, and a total of 6.7 billion paired-end reads of 150 bp in length (2.0 Tb of sequences) were obtained, with an average depth of 5× for each line and > 85% coverage. All reads were mapped to the B. napus v4.1 reference genome (http://www.genoscope.cns.fr/brassicanapus/data/) with BWA (Version: 0.6.1-r104) (Li and Durbin 2009) using the default parameters. SNPs and InDels were identified using the GATK (version 2.4-7-g5e89f01) (McKenna et al. 2010 ).
Population genetic analysis
To illuminate the differences in the three ecotype groups of B. napus, the population structure of each ecotype variety was estimated using the software EIGENSTRAT (Price et al. 2006 ). π, Tajima's D value, and Fst were measured using a sliding window approach (100-kb windows sliding in 10-kb steps) by vcftools v0.1.14 (https://vcftools.github.io/). The decay distance of LD in the different ecotype groups was calculated and visualized by PopLDdecay 3.30
(https://github.com/BGI-shenzhen/PopLDdecay).
Genome-wide association study
As SGC was measured in different environments with replications, an R script based on a linear model was used to obtain the best linear unbiased prediction (BLUP) of SGC for each accession (Merk et al. 2012; Wei et al. 2017) . The resulting values of BLUP were used as phenotypes for GWAS. GWAS was carried out with the R software package GenABEL using a mixed model with correction of kinship bias (Aulchenko et al. 2007) . Since the Bonferroni test (0.05/number of tests) criterion is too strict for the markers with weak associations to the phenotypic trait, the false discovery rate (FDR) q-value for each association test was calculated by using the R package fdrtool, providing a cutoff of −log 10 (p-value) ≥ 4.2 with the lowest test statistic (FDR < 0.05) for significantly associated markers. LD decays were calculated within the flanking regions up to 1,000 kb on both sides of the associated markers. HBs were defined as the regions exhibiting strong LD (r 2 > 0.2) between flanking markers and the associated marker. Genes locating in HBs were analyzed for sequence variants and expression patterns (via following RNA-seq) to determine the candidates. Alleles of interesting genes within candidate HBs were classified into four haplotypes: Hap.1 = no altered alleles compared with the reference genotype, Hap.2 = 0-1/3 alleles altered, Hap.3 = 1/3-2/3 alleles altered and
Hap.4 = >2/3 alleles altered.
Transcriptome sequencing
RNA was extracted from the siliques of 36 accessions selected from the population, including 12 winter lines (6 high SGC and 6 low SGC), 13 spring lines (8 high SGC and 5 low SGC) and 11 semi-winter lines (low to medium SGC). Plants were grown in southwest China and samples were collected on the 15 th day after self-pollination. RNA was extracted using the TIANGEN RNA pure Plant Kit (DP432) (Beijing, China). Sequencing libraries were generated using the Illumina RNA Library Prep Kit following the manufacturer's protocol. The libraries were sequenced on an Illumina Hiseq 2000 platform, and 100-bp paired-end reads were generated.
Sequencing reads were aligned to the B. napus reference genome and then assembled using TopHat 2.0.0 (Trapnell et al. 2012) . Transcript levels were estimated using RPKM (Reads per kb transcriptome per million mapped reads).
Statistical analysis
Analysis of variance (ANOVA) was performed using Proc GLM in SAS software (SASV9. 13 2005). The broad-sense heritability (H 2 ) was estimated as H 2 = σ 2 G / (σ 2 G + σ 2 GE /e +σ 2 e /re), where σ 2 G is the genotypic variance, σ 2 GE the genotype-environment interaction variance and σ 2 e is the residual error variance. The e and r variables represent the number of environments and replications per environment, respectively (Piepho and Mohring 2007) . Figure S1 . 
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